Using scanning tunneling microscopy, we observe an adlayer structure that is dominated by short rows of S atoms, on unreconstructed regions of a Au(111) surface. This structure forms upon adsorption of low S coverage (less than 0.1 monolayer) on a fully reconstructed clean surface at 300 K, then cooling to 5 K for observation. The rows adopt one of three orientations that are rotated by 30• from the close-packed directions of the Au(111) substrate, and adjacent S atoms in the rows are separated by √ 3 times the surface lattice constant, a. Monte Carlo simulations are performed on lattice-gas models, derived using a limited cluster expansion based on density functional theory energetics. Models which include long-range pairwise interactions (extending to 5a), plus selected trio interactions, successfully reproduce the linear rows of S atoms at reasonable temperatures. 
I. INTRODUCTION
Interest in the interaction of sulfur with Au surfaces is motivated by the extraordinary versatility and utility of molecular systems that can be anchored to Au through an S headgroup, such as self-assembled thiol monolayers (ML). Nonetheless, a 2010 review 1 describes the chemistry and structure of the Au-S interface in such molecular systems as "elusive," and a major challenge. There are also cases where the interaction of sulfur atoms alone with Au surfaces is crucial. For instance, S-coated Au nanoparticles show promise for detecting Hg in aqueous solution; 2 adsorbed S serves as a capping agent and anti-coagulant for Au nanoparticles; 3 and S accelerates a hydrogenation reaction on supported Au catalysts. 4 Most past experimental studies of S adsorbed on the prototypical Au(111) surface have focused on coverages of about 0.1 to 0.7 ML at room temperature. [5] [6] [7] [8] Under those conditions, it is generally agreed that sulfur lifts the herringbone reconstruction of the clean Au(111) surface. Long-range ordered phases of sulfur include ( √ 3 × √ 3)R30
• and p(5 × 5). Toward the higher end of this coverage range, there is an additional complex structure that is often associated with molecular or polymeric adsorbed sulfur. [9] [10] [11] [12] [13] In this paper we explore a different coverage and temperature regime, which leads to the discovery of a new structure consisting mainly of one-dimensional (1D) rows of dot-like features. Using density functional theory (DFT), we rule out Au-S complexes and identify the rows as adsorbed sulfur atoms (S ad ) in a linear √ 3R30
• configuration. Furthermore, we apply direct DFT analysis and also ab initio Monte Carlo (MC) simulations to test whether this assignment a) Author to whom correspondence should be addressed. Electronic mail:
hwalen@iastate.edu b) Current address: Ulsan National Institute of Science and Technology, South Korea.
is reasonable. For the latter, we use DFT to develop Lattice-Gas (LG) models with optimized pairwise and trio interactions. MC simulations show that LG models with a sufficiently extensive set of interactions can produce 1D √ 3R30
• rows under conditions comparable to those of the experiment.
There are two previous publications of special relevance to the current study. In the first, Abufager et al. 14 used DFT to analyze the ( √ 3 × √ 3)R30
• and p(5 × 5) ordered phases of S adsorbed on Au(111). They found that long-range elastic (substrate-mediated) interactions are very important, and discussed the ordered phases in terms of a LG Hamiltonian, considering only pairwise interactions. Our approach is similar to theirs, but we focus on a lower coverage range and a quite different structure, and we carry out MC simulations to test the relevance of the LG models. We find that three-body interactions are important for stabilizing the 1D rows, in addition to long-range pairwise repulsions. In the second study, Kurokawa et al. 15 found features that they identified as Au 3 S 3 complexes, using STM at 77 K. We do not find such features, and will present possible explanations.
The paper is organized as follows. In Sec. II, experimental and computational details are described. This is followed by presentation of experimental results in Sec. III, theoretical and computational results in Sec. IV, and discussion in Sec. V. The supplementary material 52 provides additional STM images and experimental information, as well as a schematic of the interactions, and details about the configurations used to develop the LG model Hamiltonians.
II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

A. Experimental description
These experiments were carried out with the same equipment and the same techniques, as were used for our previous studies of S on Ag(111) 16 and S on Cu(111). 17 In short, the sample was imaged with STM at 5 K in ultrahigh vacuum (pressure <2.5 × 10 −11
Torr). An electrochemical cell served as the S source in situ.
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During S deposition the sample was held at 300 K, and then it was cooled to 5 K for measurement. Cooling and thermal stabilization at 5 K took place in 50 min or less. After initial STM measurements, the sample was warmed back to room temperature and re-cooled to 5 K, with no effect on the observations at 5 K. During imaging, there was no evidence of tip perturbation or surface diffusion; surface structures were entirely static. With adsorbed sulfur, the tunneling current (I) used for imaging was 0.52 to 1.42 nA, and sample bias voltage (V S ) was −2.00 to +2.00 V. Explicit conditions for each image in this text are given in the supplementary material.
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The Au(111) sample was cleaned via several cycles of Ar + sputtering (10-12 µA, 1.5 kV, 10 min) and annealing (850 K, 15 min).
The accuracy of STM for measuring spatial dimensions was checked by measuring a, the atomic separation of surface Au atoms along close-packed directions [ Fig. 1(a) ], and by measuring monoatomic step heights on the Au(111) surface (not shown). The former value was 0.285 ± 0.009 nm, and the latter was 0.21 ± 0.02 nm. Within stated uncertainties, these equal the bulk parameters of 0.288 nm and 0.236 nm, respectively.
Sulfur coverage (θ S ) was determined by measuring the number density of bright dots in STM images, associating each bright dot with a single S adatom (as justified in Sec. IV B), and dividing by the areal density of Au atoms in a bulk (111) plane. Because the S occupies only portions of the Au(111) surface, it is appropriate to report both a global coverage (normalized to total area) and a local coverage (normalized only to the unreconstructed area where S exists). The analysis in this paper is based upon two experiments in which the global (local) coverage was 0.030 ML (0.070 ML) and 0.045 (0.079 ML), respectively.
B. Computational description
Energetics were calculated via DFT using the VASP code with the projector-augmented wave (PAW) method 19 and the PBE functional. 20 Details have been given elsewhere. 21, 22 kpoints convergence was problematic, probably due to the existence of surface states on Au(111). This was partly addressed by averaging results for slab thicknesses of 4 to 7 Au(111) layers. 23 However, even with this averaging, convergence was slow. For example, for the (4 × 4) supercell, the adsorption energy of S was −1.200 eV and −1.231 eV, for (6 × 6) and (9 × 9) -point grids, respectively. Dense k-point grids, up to (36 × 36 × 1) for a (1 × 1) supercell, were therefore used to derive the LG Hamiltonian described in Sec. IV C. STM images were generated from DFT-optimized configurations using the method of Tersoff and Hamann, 24 as the isosurface of partial charge density in an energy window that brackets the Fermi energy by ±0.1 eV.
DFT energies of a substantial number of periodic adlayer configurations were used to systematically determine pairwise and selected trio interactions prescribing the Hamiltonian for LG models of the S adlayer. See Sec. IV C for more details. We performed MC simulations within a grand canonical ensemble to determine the equilibrium configurations of the LG models. At each MC step, a site was randomly selected and flipped from vacant to occupied or vice-versa. The flip was accepted or rejected according to Metropolis dynamics. θ S was controlled by an "excess" chemical potential, δ µ = µ − E ad , where E ad is the adsorption energy of an isolated S atom. To provide an alternative perspective, one can regard equilibrium as being induced by an artificial adsorption-desorption dynamics with desorption rate for S adatoms of exp(E rep /k B T), and adsorption rate per site of exp(+δ µ/k B T). Here, E rep > 0 is the overall repulsive adlayer interaction felt by adsorbed S and k B is Boltzmann's constant.
III. EXPERIMENTAL RESULTS
The clean surface exhibits the well-known Au(111) herringbone reconstruction, visible in Fig. 1(b) . The bright stripes are soliton walls, the narrow alternating dark strips are hcplike regions, and the wider alternating dark strips are fcc-like regions. [25] [26] [27] Figure 2 shows how the surface responds to adsorption of 0.030-0.045 ML S. At high magnification, many dots exist on the surface [ Fig. 2(a) ]. Each dot is surrounded by a dark ring. We assign these as S adatoms (S ad ), based on the DFT analysis in Sec. IV B. These dots often form linear rows that are rotated by 30
• with respect to the close-packed directions. These directions are derived from, and depicted in, Fig. 1(a) . The closest separation between S ad , i.e., the separation between dots within a row, is √ 3a, and so we refer to them as √ 3R30
• rows. There is no evidence for larger features that could be Au-S complexes like the Cu-S or Ag-S species we have observed on Cu(111) or Ag(111), sometimes under identical conditions. 16, 17, 28 The dots have full-width at half-maximum (FWHM) of 0.34 ± 0.04 nm (from N = 278 measurements) and height of 0.017 ± 0.003 nm at V S = −0.50 V to +0.13 V (N = 293). (The majority of our measurements were restricted to this range.) Both parameters are measured with reference to the highest point in the dot, and the lowest point in the surrounding dark ring.
Figures 2(b)-2(e) give a broader perspective. These panels show that there are basically two types of surface regions. In the first, the soliton walls of the reconstruction remain, though often distorted. Small groups of S ad exist in the fcc-like strips. The hcp-like strips are nearly clean, but narrower than in the absence of S. This description applies to the entire region of panel (b), and parts of (c)-(e). The second type of region is large and uniformly covered by S; there is no trace of the reconstruction. Examples are the middle right portion of panel (c), or the upper right third of panel (d). As mentioned in Sec. II, the local S coverage on these larger unreconstructed regions is 0.070-0.079 ML.
The data support the following picture. S adsorbs preferentially at the fcc-like regions, and exerts pressure on the soliton walls, distorting them. With increasing S coverage, some of the soliton walls collapse and the reconstruction is lifted over extended areas. The excess Au atoms generated by lifting the reconstruction are ejected and (at this low S coverage) they diffuse to existing step edges on the Au(111) surface.
The step edges are also affected by S adsorption. reconstruction. (Solitons interact with step edges, 12 so those are avoided here.) Sulfur adsorbs on all steps. In Fig. 3(a) , the steps are not aligned with a close-packed direction. These steps meander locally and are decorated by a single row of S atoms. Steps in Figs. 3(b)-3(d) are very near to closepacked alignment. These steps are smoother on the lower edge, but contain regular "bulges" on the upper edge. One such bulge is encircled in each panel. This paper does not focus on the step edge decoration, but it is shown here for completeness, and because the conditions at the step edges help to define the conditions under which the terrace structures are observed. 16 Finally, the detailed arrangement of S ad in the extended unreconstructed regions is shown in Fig. 4 . Further images, similar to these, are provided in the supplementary material.
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As noted previously, the main features are one-dimensional √ 3R30
• rows of S atoms. The atoms are all in equivalent adsorption sites, as shown by the triangular grid overlay in Fig. 4(a) . These are fcc sites, based on the low-coverage DFT results of Abufager et al.
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In addition to the rows, triangles, and rhombi, occasionally larger groupings of S ad exist, all of which can be considered as small portions of a twodimensional (
• lattice. On average, about 10% of all S atoms exist in the form of equilateral triangles having these √ 3R30
• -type configurations, but separate from any √ 3R30
• row. Rarely, triangles or pairs of S atoms can be found in which atoms are separated by 2a and aligned with closepacked directions, i.e., forming portions of a (2 × 2) lattice. For clarity, some of these minor features are outlined in Fig. 4(d) . The structures in Fig. 4 are entirely static and are not perturbed by imaging. We emphasize that the data shown in Figs. 2-4 are obtained by cooling from 300 K to 5 K. Thus, they represent a configuration of S ad that was in thermal equilibrium at some temperature above 5 K, frozen during the quench.
IV. THEORETICAL AND COMPUTATIONAL RESULTS
A. Overview: Purpose and approach
This section presents and integrates a variety of theoretical and computational results. In Sec. IV B, we perform direct DFT analysis to assess the energetics and relative stability of a large number of periodic adlayer structures. The figure of merit is the (zero temperature) chemical potential, µ S , of S ad in various configurations. This quantity corresponds to the average energy per S adatom in the adlayer. Thus, for isolated S ad , it simply equals the adsorption energy, E ad (corresponding to behavior in the low coverage limit). In addition, we will analyze the stability of various Au-S complexes relative to the above adlayer configurations. For this purpose, a modified definition of µ S is required to make the appropriate comparison, and it is given in Sec. IV B below.
Using a different but overlapping set of energetics, in Sec. IV C we construct appropriate LG Hamiltonians for Sadlayer systems incorporating many pair and selected trio interactions. Finally, in Sec. IV D, we perform MC simulations to assess equilibrium adlayer configurations corresponding to these LG Hamiltonians. Simulations are performed in a grand canonical rather than canonical ensemble, where the relevant "excess" chemical potential controlling θ S was described in Sec. II B.
B. DFT results
Baseline energetics of S ad on Au(111)
We have calculated µ S of S ad at the fcc site using 27 adlayer configurations, consisting of two types of (related) periodic arrays. In both, the supercell lattice vectors (the a i 's) have equal magnitude and include an angle of 60
• . The first type has one S per supercell, thus forming a simple hexagonal lattice of S ad . For supercells with areas that are multiples of three times the (1 × 1) area, we include an additional S atom at (1/3a 1 , 1/3a 2 ) in the supercell, thus forming a honeycomb lattice of S ad . The values of µ S for all 27 configurations are listed in Table I , and pictures of some of the configurations are given in Fig. S5 of the supplementary material.
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One finds that µ S is generally a decreasing function of 1/θ S , reflecting repulsive interactions between S ad , although there are deviations from this trend. From the listed energetics, 8 configurations-denoted by boldface numbers in Table I form a lower concave envelope of µ S , shown by the solid line in Fig. 5 . We call this envelope the baseline energetics. (In Fig. 5 , 1/θ S is chosen as the abscissa rather than θ S because the thermodynamic quantity that is conjugate to µ S is the atomic volume (or area in 2D) of S ad . 14 ) Any configuration with µ S above this baseline will be thermodynamically unstable toward phase separation into denser and sparser regions of baseline configurations. The stability of other structures can be measured against this baseline. (Graphic representation of µ S vs. 1/θ S for all 27 lattices is available in Fig. S4.) 
Au-S complexes vs. S ad
Our DFT investigations next focus on the possibility that S-Au complexes exist on the Au(111) surface. This TABLE I. µ S for S ad on Au(111) fcc sites in the supercells used to evaluate baseline energetics, as described in the text. Numbers in parentheses denote uncertainties in meV and are derived from variations due to slab thicknesses. 23 Boldface denotes the 8 configurations that define the baseline energetics, shown by the solid line in Fig. 5 . investigation is mainly motivated by our findings that on (111) surfaces of the other two coinage metals, Cu and Ag, metal-S complexes exist under similar conditions of coverage and temperature, as corroborated by DFT. 16, 17 Some Au-S row structures that could constitute elements of the experimental √ 3R30
• motif are shown in Figs. 6(a), 6(c), and 6(d), together with the simulated STM images. To assess the stability of these Au-S row structures relative to configurations involving only S ad , we define the chemical potential of S in possible adsorbed Au-S complexes according to
Here, the chemical potential of Au, µ Au , is the average energy of a Au atom in the bulk. This definition reduces to that given in Sec. IV A for S ad , upon setting m = 0.
For each Au-S row structure considered, the corresponding configuration of S ad (Figs. 6(b) and 6(e)) is significantly more stable. Also, the STM images for the Au-S models in Figs. 6(a), 6(c), and 6(d) do not agree with experiment (Fig. 4) . Furthermore, the diameter predicted for S ad is 0.38 nm, in agreement with the experimental value of 0.34 ± 0.04 nm. From all of these arguments, we conclude that the bright dots in the STM images are S ad , rather than Au-S chains or complexes.
As an aside, the DFT prediction for the height of the S ad dot is 0.13 nm, a factor of 8 larger than the experimental height of 0.017 ± 0.003 nm. In the literature, [29] [30] [31] [32] and also in our own past work, 28 it is consistently reported that heights of S ad , S-induced complexes, and even S-induced reconstructions are smaller than one would expect from reasonable atomic dimensions. At present this effect is not understood, but a metallic STM tip could easily become S-decorated and this might influence measured topographic dimensions, especially in the vertical direction (heights) as opposed to the lateral (widths). 
√ 3R30
• rows
Values of µ S for 1D √ 3R30
• rows of S ad are shown by the diamonds in Fig. 5 . The row structures at θ S ≤ 0.125 or 1/θ S ≥ 8 (i.e., when the inter-row separation is ≥4a) are much more stable than the baseline configurations, to the tune of 40 meV per S atom. The results in Sec. IV C show a significant pairwise S-S repulsion that peaks at a separation of 3a, then falls abruptly. This explains why rows are stable only for separations ≥4a. No other S ad configuration is competitive with the √ 3R30
• rows.
Diffusion barrier of S ad
Using a 3 layer slab and (12 × 12 × 1) k-point grid, the S ad diffusion barrier has been calculated with the nudged elastic band 33 method. The transition state is the two-fold bridge site. The diffusion barrier depends on the supercell, being 0.45 eV for a (2 × 2), 0.39 eV for a ( √ 7 × √ 7)R19.1
• , 0.44 eV for a (3 × 3), and 0.47 eV for a (2 √ 3 × 2 √ 3)R30
• .
C. Lattice-gas models
The long-range and potentially many-body nature of interactions between S ad indicates that the resulting adlayer configurations involve competition between myriads of interactions. This can be studied best in a lattice-gas model framework, as MC simulation of such models can indicate typical adlayer configurations at various temperatures. The first step is to determine the most significant pairwise and many-body interactions in the LG Hamiltonian. To do this, we systematically choose a large set of adlayer configurations (36) from which these interactions will be determined. This set of 36 overlaps with, but does not contain completely, the set of 27 configurations used for the baseline energetics. The baseline set of 27 includes a number of configurations with supercells that are much larger than those in the set of 36. Figure S6 and Table  SIV in the supplementary material   52 show all 36 configurations and associated values of µ S .
Our selection process is as follows. First, we choose all adlayer configurations in Table I , with supercell sizes ranging from (
inclusive. Second, we include additional configurations with all pairs of S with separation √ 3a, and also some incorporating various S trimer motifs but with the same pairwise separation. The trimer motifs can be described as linear, equilateral triangular, and bent (cf. Table II ). Note that we avoid most of the configurations that result in occupation of nearest-neighbor (NN) sites, since we are mostly concerned with low S coverage (less than 0.1 ML). Also, strong interaction between NN S adatoms induces substantial displacement in their positions away from ideal adsorption sites which can limit the validity of the LG description. 34 However, we do include one configuration with the NN S dimer in a ( √ 7 × √ 7) supercell in order to estimate the NN interaction. Due to the prominence of the "rosette" structure in interpreting adlayer structure observed at medium coverage, 14 we also include it in the set of DFT configurations. Table II lists interactions for 5 sample models that one can construct. Each model can be defined by a cutoff distance, d, and by additional listing of any trio interactions, T. The cutoff circumscribes a range of pairwise separations, d p , each with an associated interaction energy, w n , between equivalent sites. The integers n = 1, 2, . . . denote 1st-, 2nd-, . . . NN interactions. The interactions are illustrated in Fig. S3 of the supplementary material.
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Models are named after the number of energy parameters. For instance, model 5 has 4 interaction energies, plus the adsorption energy. The parameters are determined by least squares fitting of the LG model energies to the directly calculated DFT configuration energies using the Moore-Penrose pseudoinverse method. Models 5 and 8 include only pairwise interactions. Model 12T includes 11 pair interactions, and one linear trio interaction. Model 12T3 contains two additional trio interactions (equilateral triangular and bent). Table II shows that model 5, which already includes a significant number (4) of pair interactions, is inadequate, since it produces significantly different values than the models with longer-range pairs. This provides a clear indication of the important influence of long-range interactions. For models 8 through 12T3, pair interaction values converge, which provides confidence in the robustness and significance of these values .   TABLE II. LG model parameters, in eV, obtained from least-square fitting with cutoff distance d = 3a (model 5), d = 4a (model 8), and d = 5a (model 11). Model 12T has a cutoff distance at the 12th NN (d = 3 √ 3a), and one linear trio interaction, T linear . Model 12T3 is the same, except it includes two additional trio interactions, T equilateral and T bent . The bottom row shows the mean absolute error of the prediction of each LG model relative to DFT. E ad is the adsorption energy of an isolated adsorbed S atom. d p is the pair separation and a is the surface lattice constant (the NN separation). In the schematics of the trio interactions, each black circle is an S atom and each gray segment is a √ 3R30 • separation. The complete set of interactions is illustrated in Fig. S3 Due to the potential importance of many-body interactions, 34 it is also natural to consider adding trio interactions to models with shorter cutoff distances to derive a model 8T (and even a model 5T). However, these models fail crossvalidation tests of the following type. For model 5T, if we exclude energetics for supercells larger than (3 × 3) in determining its parameters, there is no unique solution to trio interactions, because of the degeneracy of the linear chain structure and triangular structure in the (3 × 3) supercell. For model 8T, the value of trio interactions is very sensitive to the choice of energetics. Choosing different subsets of the 36 energetics leads to linear trio interactions of different signs. Only by going to larger cutoff distance for pair-wise interactions can reliable trio interaction parameters be obtained. This reflects the abovementioned observation that linear chains are stable only with wider separations (see Fig. 5 ).
Turning to a general discussion of our preferred models, there are certain trends in the pairwise interaction energies. The NN repulsion, w 1 , is larger-by at least a factor of 5-than any other pairwise interaction. For all the models except model 5 (the smallest and least accurate), w increases steadily from w 2 to w 5 , then drops rather sharply. In other words, pairwise repulsions strengthen as d p increases from √ 3a to 3a, then weaken at larger d p . This trend was also reported by Abufager et al.
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Finally, the linear trio interaction is attractive, and this will stabilize √ 3R30
• rows. Figure 7 shows snapshots of MC simulations of equilibrated adlayer configurations using parameter sets in Table II . The excess chemical potentials (δ µ's) are chosen so that the resulting θ S is between 0.07 and 0.08 ML, to match experiment. For each model, configurations at T = 150 K, 100 K, and 50 K are shown, noting that there is uncertainty regarding the experimental freeze-in temperature. For model 5, local p(2 × 2) ordering can be seen. For model 8, especially for T = 50 K, local p(2 × 2) ordering coexists with pairs separated by √ 3a. A few short √ 3R30
D. Monte Carlo simulations based on the lattice-gas Hamiltonians
• rows, 3-5 atoms long, exist at 100 K and 150 K. For model 11, no local p(2 × 2) can be found. Instead, the system consists of monomers, pairs and trimers, and occasionally some quartets or even larger clusters. Again, with increasing temperature, very short √ 3R30
• rows appear, but they are qualitatively inconsistent with experiment.
In model 12T, which includes attractive linear trio interactions, linear √ 3R30
• rows dominate, especially at 50 K. In model 12T3, which contains two additional types of (nonlinear) trio interactions, the result is similar. The main difference is that rows are somewhat shorter in model 12T3, which can be attributed to its weaker attractive trio interaction for linear trimers. At T = 100 K, the rows shorten and become more comparable to experimental observation in both models. At 150 K, model 12T does a good qualitative job of reproducing both the long √ 3R30
• rows and the equilateral √ 3R30
• triangles. At 100-150 K, model 12T3 produces very few of the equilateral √ 3R30
• triangles. An additional perspective on the formation of √ 3R30
• rows comes from considering the energetic change ∆E that occurs when a single S ad joins the end of an existing row. For example, when this occurs in model 12T or 12T3, ∆E = w 2 + w 6 + T linear , which is positive and hence unfavorable compared to having S ad isolated on a terrace. However, this picture applies only in the regime of very low θ S , where chains are isolated, and the experimental θ S does not correspond to this extreme regime. Crowding effects can arise even at quite low coverages in this system, and can lead to non-trivial adlayer ordering which is not readily anticipated without the aid of MC simulation. Sulfur adatoms feel a significant repulsion already at a separation of 3a, implying that repulsive interaction effects are already significant at θ S = 1/9 ML. Thus, the experimental θ S in the range of 0.07-0.08 ML (local coverage) are actually 70% of the θ S where crowding effects are likely significant.
V. DISCUSSION
The present work makes two main contributions. First is the experimental discovery of S-induced √ 3R30
• rows of dots on unreconstructed Au(111), and their identification as rows of S ad based on DFT analysis. This structure, and the conditions under which it exists, provides a new criterion to test and develop a broad picture of S-Au surface interactions, particularly lateral interactions between S ad . Second is the fact that, with no adjustable parameters, ab initio MC reproduces these linear rows, but only with the inclusion of at least one trio interaction. This means that trio interactions are important to describe this system accurately. Historically, the potential importance of many-body interactions in LG models was pointed out by Einstein in 1991, 35 and was reviewed recently by Einstein and Sathiyanarayanan. 34 Many-body interactions are increasingly incorporated into lattice gas modeling, e.g., Refs. 36-46, but S/Au(111) joins a smaller group of systems where the presence and effect of such interactions have been validated by experiment, e.g., Refs. 47 and 48.
A. Comparison between theory and experiment
Equilibrium adlayer configurations determined from MC simulation naturally depend strongly on T, as is clear from Fig. 7 . In experiment, the corresponding value of T is not the observation T of 5 K, but rather the (unknown) T at which S ad freezes in place while the sample is cooled from 300 K to 5 K. From Sec. IV B, the calculated diffusion barrier is 0.39-0.47 eV. If the hop rate is 0.1 s . It is known that the hop rate is enhanced by repulsive interactions, 49 which would lower the immobilization temperature further. Consistent with this rough estimate of T, the MC simulations for the highest-level models, 12T and 12T3, agree most favorably with experiment at 100-150 K.
There are some limitations in using the DFT and MC studies to explain the experimental findings. First, in the experiments, the herringbone reconstruction coexists with areas of adsorbed S. This residual reconstruction may exert stress on the unreconstructed areas stabilized by S ad . Also, experiments show that about 10% of total S ad is in the form of isolated equilateral triangles, while in the MC simulations of model 12T3 these triangles are much rarer. Model 12T seems closer to experiment in this respect, reflecting a general feature that inclusion of increasing numbers of interactions in LG models does not automatically guarantee improvement. There are other potential limitations, such as the possible impact of van der Waals interactions on the DFT. However, these uncertainties and imperfections should not obscure the fact that DFT and ab initio MC capture the essential experimental feature, the linear √ 3R30
• row of S ad .
B. Comparison with work of Kurokawa et al.
Using STM, Kurokawa et al. 15 reported a variety of coexisting S-induced features on unreconstructed regions of Au(111) at 77 K (following preparation at 300 K and cooling, similar to our approach). They observed two types of large features, with diameter 1 nm (3× wider than our dots), and assigned them as Au 3 S 3 complexes. They also observed smaller features that they assigned as S ad . θ S was not stated, but the surface contained extended remnants of the Au(111) reconstruction, similar to ours, indicating low θ S . We do not find evidence for anything resembling their large features in our experiments. However, the following experimental parameters were different: observation temperature (77 K 15 vs. 5 K); possibly coverage, and possibly cooling rate. Further investigation would be required to determine the effect of any of these parameters on the experimental observations. Kurokawa et al. 15 also used DFT to assess relative stabilities of clusters, but they used the energy of an isolated Au adatom as a reference point. In contrast, per Eq. (1), we use the cohesion energy of a Au atom in the bulk, which is the thermodynamically relevant quantity. The approach of Kurokawa et al. 15 incorrectly enhances the stability of Au-S complexes relative to structures involving only S ad .
C. Comparison with work of Abufager et al.
Abufager et al.
14 focused on developing a LG Hamiltonian to explain ordered structures with ideal coverages of 0.28 and 0.33 ML, while we focus on structures that exist at 0.07-0.08 ML. Nonetheless, given that both works use the same adsorption site for S ad , ideally there should be a single LG model that reproduces all observed structures under appropriate conditions, so comparison is appropriate.
Addressing first the computational approaches, the number of configurations used (36 in the present manuscript and 51 in Ref. 14) are comparable, although we use more configurations with low θ S . Densities of k-point grids for various supercells are also comparable. However, we average energetics over slab thickness L = 4 to 7, which has been demonstrated to give more precise results than using fixed L, 23 as was done in Ref. 14 with L = 5. In principle, including more configurations and more parameters would improve either LG Hamiltonian, but obtaining numerically accurate results for large supercells is difficult, requiring very dense k-point grids and perhaps thicker slabs also.
With respect to results, the following similarities exist between the two works.
(1) The NN interaction, w 1 , is repulsive and stronger than any other interaction. (2) There are many weaker long-range interactions. Abufager et al. 14 showed that these are mainly due to S-induced surface relaxation, since S-S interactions beyond NN are greatly reduced in DFT calculations with a frozen substrate. They also found that some smaller non-monotonic interactions remain with a frozen substrate. The oscillatory nature of these remaining interactions seems to fit into the theory of surface state-induced interactions between adsorbates on (111) faces of noble metals. 50 However, an accurate estimate of effects of surface states using the slab geometry is difficult. 51 (3) The interactions w 2 -w 10 are repulsive, with a maximum at d P = 3a, in both works.
Some differences between results also exist. (1) In the present work, w 11 is weakly repulsive, while in Ref. • rows at low temperature described herein, as well as the p(5 × 5) and ( √ 3 × √ 3)R30
• structures known previously-is under continuing investigation in our group.
VI. CONCLUSIONS
STM reveals
√ 3R30
• rows of dots on Au(111) following adsorption of S. We identify these as rows of S ad , using DFT. This structure exists in a regime that has not been explored previously: low coverage of θ S < 0.1 and low (observation) temperature of 5 K. This structure, and the conditions under which it exists, provides a new criterion to test and develop a picture of lateral interactions between S ad . Ab initio MC reproduces these linear rows, but the inclusion of trio interactions is essential. Trends in the interaction energies largely agree with prior results, 14 notably the existence of many long-range pairwise repulsions which peak in magnitude at 3a. 
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Conditions for images in text
Experiment 1
In this Experiment, θ S = 0.079 ML on the large unreconstructed regions, and 0.045 ML overall. All of the images were obtained at 5 K. The images are presented in the order in which they were acquired. A table of the scan sizes and scanning conditions is provided at the end of the images. Images A-M were taken after the initial quench to 5 K, following deposition at room temperature. Images N-AA were taken after re-warming the sample to RT and quenching again to 5 K. 
Experiment 2
In this experiment, θ S = 0.070 ML in the large unreconstructed regions, and 0.030 ML overall. All of the images were obtained at 5 K. The images are presented in the order in which they were acquired. A table of the scan sizes and scanning conditions is provided at the end of the images. Images A-U were taken after the initial quench to 5 K, Figure S4 shows µ S for all arrangements of S atoms that are used to generate the baseline energetics. Two types of periodic arrays are considered. In both, the supercell lattice vectors (a i 's) are equal and the included angle is 60 o . The first type has one S per supercell, thus forming a simple hexagonal lattice. The second type has two S atoms per supercell. The additional S atom is located at (1/3a 1 ,1/3a 2 ) in the supercell, and consequently S ad forms a honeycomb lattice. Figure S4 shows that the value of µ S generally decreases as 1/θ S increases, but with significant irregularities. As mentioned in the main text, we choose eight values that form the lower envelope to be the baseline. Figure S5 shows some of the configurations that are included in the baseline energetics. These include both types of arrays.
Baseline energetics
FIG. S5 (above):
Representations of the some of the configurations used to define the baseline energetics as shown in Fig. S4 , and in Table  I in the main text. Yellow circles represent S ad , and gray circles represent Au atoms in the unreconstructed (111) surface.
2.3
The set of energetics used to derive the Lattice-Gas Hamiltonian Figure S6 shows the set of 36 configurations that are calculated through DFT and used to derive the energetics used in the lattice-gas model and Monte Carlo simulations. Table SIV below provides the chemical potential, coverage, and k-points for each configuration. Some of these 36 configurations can be described as localized trios and pairs, and additional information for these is given in Section 2.3. 13 
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FIG. S6 (above and preceding page):
Geometries and chemical potentials of the 36 configurations used to derive the energetics in the lattice-gas model. Yellow circles represent S ad , and gray circles represent Au atoms in the unreconstructed (111) surface. Each configuration is labeled as follows: The subscript in front of S denotes the label of the supercell used in the calculation, as given in Table 1 of the main text. The subscript after S (if any) denotes the number of S atoms in each supercell. If there is no subscript, then there is one S. If the subscript is c, it denotes an infinitely long row, calculated with a reduced supercell.
TABLE SIV (below and following page):
Chemical potential of 36 configurations of S atoms adsorbed on fcc sites of the Au(111) surface. The k-point grid is (N k x N k x 1). The subscript in front of S denotes the label of the supercell used in the calculation, as given in Table I 
